Mature natural killer cells reset their responsiveness when exposed to an altered MHC environment. J Exp Med. 2010;207 (10) The neural crest has long been recognized to be a gift that evolution has given to developmental biologists. It is a transient structure comprising cells that are probably heterogeneous (1), but that, as a unit, is multipotent, giving rise to melanocytes, Schwann cells, sympathetic neurons, parasympathetic neurons, enteric neurons, enteric glia, endocrine cells, fibroblasts, muscle, bone, cartilage, and meninges (2). The neural crest thus provides opportunities to study the cellular and molecular mechanisms of epithelial-mesenchymal transformation (and the reverse), migration, aggregation, and differentiation. It has been a gift that just keeps on giving.
Despite the developmental biological treasure that the neural crest has provided, however, the disorders that stem from neural crest dysfunction, the neurocristopathies (3), remain vexatious.
In this issue, Nagashimada et al. (4) , in a truly remarkable study, have now provided a real insight into how a mutation in PHOX2B, a gene that encodes a paired homeodomain transcription factor that plays a critical role in the development of crest-derived autonomic neurons (5), can act in different cells in a gain-of-function or in a loss-of function manner. The gainof-function activity is tumorigenic, causing neuroblastomas (NBs) to arise in the sympathetic nervous system, while perversely synergizing with the loss-of-function effect to disrupt neurogenesis, sympathetic gangliogenesis, and crest cell colonization of the terminal bowel, which becomes aganglionic (Hirschsprung disease [HSCR] ). The faults in formation of neurons and ganglia appear to be the result of a failure of the reciprocal inactivation of PHOX2B and SOX10.
During normal development, crestderived precursors of sympathetic and enteric neurons initially express SOX10, but acquire PHOX2B when they enter the preaortic (6) or enteric mesenchyme (7) (8) (9) . Bipotent progenitors express both PHOX2B and SOX10, but SOX10 is inactivated in cells that are destined to form neurons, and PHOX2B is inactivated in third and fourth postulates stipulate that the putative organism mimics the disease it is suspected of causing when injected into a healthy organism and then that it may be isolated from the experimentally infected subject. In molecular genetic terms, Nagashimada et al. (4) have now taken the mutant NPARM form of human PHOX2B and introduced it into the mouse Phox2b locus. When that is done, clinical features of the NB-HSCR-CCHS association are recapitulated in the transgenic mouse. Unfortunately, the recapitulation is not perfect in that the transgenic mice display disrupted sympathetic ganglia, HSCR, and CCHS, but not NBs. Mice, however, are not human, and the heterozygous mice bearing the NPARM in the Phox2b locus may not survive long enough to acquire NBs. Nagashimada et al. present their data with suitable qualification, but their work is strong evidence that NPARM in PHOX2B causes the NB-HSCR-CCHS association.
Developmental insight
Nagashimada et al. (4) also contribute to our understanding of the role of PHOX2B in development. They show that NPARM PHOX2B is a dominant negative inhibitor of the transactivation of the dopamine β-hydroxylase (DBH) promoter by wildtype PHOX2B and that NPARM causes PHOX2B to repress rather than transactivate a Sox10 enhancer. Those observations provide critical documentation of the reciprocal actions of PHOX2B and SOX10 during autonomic development. When the ability of PHOX2B to suppress SOX10 is compromised, not only is gliogenesis enhanced and neurogenesis reduced, but also the early proliferation of precursors in the anlagen of enteric and sympathetic ganglia is reduced. Continued proliferation of precursors is particularly important in the gut, where colonization of the entire bowel depends on it. Premature differentiation of enteric crest-derived cells has previously been implicated in their failure to colonize the entire bowel when endothelin 3/endothelin B signaling is compromised (10, 17, 18) . Precursors proliferate, but neurons do not. A sufficiently large population of crest-derived precursors of vagal (the largest source) and sacral origin is necessary to colonize the entire bowel (19). Because proliferation within the enteric mesenchyme is essential to achieving the critical number of crest-derived cells to complete the job of getting to the bottom of the bowel, it is easy to understand why an NPARM in ond polyalanine repeat is associated with CCHS, but mutations leading to nonpolyalanine repeat expansion mutations (NPARMs) in PHOX2B accompany the NB-HSCR-CCHS association (5, 15). The observation that NPARMs in PHOX2B accompany the NB-HSCR-CCHS association was exciting; however, a correlation cannot, by itself, establish causation. A remarkable feature of the report of Nagashimada et al. (4) is that it comes very close to making that leap. Nagashimada et al. (4) did not say so, but their work can be thought of as a molecular genetic analog of Koch's postulates, which provide criteria for establishing causation of infectious diseases (16). The NB-HSCR-CCHS association, of course, is not an infectious disease, but the analogy is apt. Koch's first and second postulates stipulate that the putative organism is found in, and isolated from, virtually every individual in whom the disease is manifest, but is not found in individuals in whom it is not manifest (although Koch modified his postulates to include carriers who harbor the organism but do not become ill). In the molecular genetic analogy, NPARMs in PHOX2B, rather than an organism, are found in patients with the NB-HSCR-CCHS association, and the NB-HSCR-CCHS association is not seen in individuals that lack NPARMs. Koch's cells that give rise to glia (10). Nagashimada et al. (4) demonstrate that the balance between PHOX2B and SOX10 is evidently the result of their mutual and reciprocal suppression. Mutation in PHOX2B upsets this balance and weakens the inactivation of SOX10, which inhibits early proliferation and biases differentiation of progenitors toward the glial fate at the expense of the neuronal lineage ( Figure 1 ). As if disrupted sympathetic ganglia, HSCR, and NBs were not enough, the mutation also interferes with the development of parafacial brainstem neurons, which are involved in the control of respiration, leading to congenital central hypoventilation syndrome (CCHS), or Ondine's curse, in which respiratory arrest occurs during sleep (11, 12) . Affected individuals thus suffer from an unholy trinity of NB-HSCR-CCHS, which dooms them to a precarious life of frequent surgeries, tethering to medical machines, and imperfect treatment.
Identifying the genetic cause of disease
Most of the PHOX2B mutations found in patients with the NB-HSCR-CCHS association are missense or open reading frameshifting nucleotide deletions/insertions (13, 14). The PHOX2B protein contains a single homeodomain and two polyalanine repeat sequences. An expansion of the sec-
Figure 1
The role of PHOX2B in maintaining a balance in glial and neuronal differentiation. During normal development, crest-derived precursors of sympathetic and enteric neurons initially express SOX10 but acquire PHOX2B when they enter the preaortic or enteric mesenchyme. These bipotent progenitors express both PHOX2B and SOX10, but SOX10 is inactivated in cells that are destined to form neurons, while PHOX2B is inactivated in cells that give rise to glia. Nagashimada et al. demonstrate that the balance between PHOX2B and SOX10 is the result of their mutual and reciprocal suppression. Mutation in PHOX2B upsets this balance and weakens the inactivation of SOX10, which inhibits early proliferation and biases differentiation of progenitors toward the glial fate at the expense of the neuronal lineage. (20, 27) , are also expressed by the permanently catecholaminergic sympathetic neurons, TC cells, and sympathetic neurons; moreover, both depend on expression of the Ascl1 transcription factor (28-30). As development progresses, TC cells disappear because they give rise to noncatecholaminergic neurons, including all of the serotonergic neurons of the enteric nervous system (ENS) (30). Although the terminally differentiated neuronal successors of TC cells lack catecholamines, they continue to express a limited set of the catecholaminergic properties of their fetal predecessors, including DBH (22) and NET (26). The significance of this continued expression is not entirely clear, but it has been noted that TC cellderived enteric serotonergic neurons, which express both DBH and NET, are deficient in mice that lack NET. It thus may be more than coincidental that DBH is a target of PHOX2B and that Nagashimada et al. (4) report that NPARM in PHOX2B exerts a dominant negative effect that impairs transactivation of the DBH promoter by wild-type PHOX2B.
Remaining questions
The roles that DBH and NET play in ENS development and the significance for the ENS of PHOX2B transactivation of DBH require further investigation. It would probably be useful to look at the
